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Abstract 

In  this  work,  small  amounts  of  vanadium  atoms  were  incorporated  in  copper  oxide  films  in  order  to  decrease  the  charge  capacity  loss  during 
the  electrochemical  lithium  reaction,  mainly  in  the  first  cycle.  Reactive  sputtering  was  the  film  deposition  technique  used  to  deposit  pure  copper 
oxide  films,  CuO,  and  copper-vanadium  mixed  oxides  CuO(VOy).  The  composition,  oxidation  state  and  crystallinity  of  the  deposited  films  were 
investigated.  Electrochemical  studies  were  performed,  and  the  results  demonstrated  that  the  mixed  oxides  have  a  better  electrochemical  behavior 
with  a  higher  capacity  and  stability  in  the  charge/discharge  processes,  when  compared  to  the  pure  CuO  films  behavior. 

©  2006  Elsevier  B.V.  All  rights  reserved. 

Keywords :  Copper  oxide;  Vanadium;  Reactive  sputtering;  Thin  films;  Microbatteries;  Electrode 


1.  Introduction 

Copper  oxide  can  be  found  in  two  different  compositions: 
cupric  oxide  (CU2O),  with  cubic  structure,  and  cuprous  oxide 
(CuO),  which  presents  monoclinic  structure  [1,2].  The  bulk 
material  density  of  CuO  and  CU2O  is  6.3  and  6.0  g  cm-3 ,  respec¬ 
tively  [3]. 

In  the  battery  field,  copper  oxide  has  been  used  as  cath¬ 
ode  material  in  primary  lithium  batteries  [4,5],  due  to  its 
high  specific  capacity.  Li/CuO  cells  present  an  energy  den¬ 
sity  of  600  Whdm~3  (300  Whkg-1)  and  a  theoretical  capacity 
of  4.26  Ahem-3  (670  mAh  g-1).  The  open  circuit  potential  is 
2.25  V  and  the  cell  operates  in  an  average  potential  between  1.2 
and  1.5  V  [4,5].  Copper  oxide  presents  high  stability  in  organic 
electrolytes,  due  to  its  low  solubility  [6].  This  characteristic 
assures  a  low  self-discharge  (<1%  per  year  at  ambient  tempera¬ 
ture)  allowing  a  long  shelf  life  [4,6]. 

Recently  [7-9],  it  was  demonstrated  that  copper  oxide,  both 
in  powder  (CuO  and  CU2O)  and  in  thin  film  form  (CuO),  is 
capable  of  react  with  lithium  ions  in  a  reversible  way,  and  is  a 
viable  material  to  be  used  as  electrode  in  rechargeable  lithium 
batteries.  However,  the  material  presents  a  large  capacity  loss 
from  the  first  to  the  second  discharge  cycle  [7,9,10]. 
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In  this  work,  small  amounts  of  vanadium  atoms  were  incorpo¬ 
rated  in  copper  oxide  films  during  the  film  deposition  process,  in 
order  to  decrease  the  initial  charge  capacity  loss,  and  to  increase 
the  coulombic  efficiency  of  the  lithium  reaction  process  during 
the  successive  cycles. 

2.  Experimental 

The  oxide  films  were  deposited  by  d.c.  and  r.f.  sputtering 
from  a  copper  and  vanadium  targets,  respectively,  in  an  O2  +  Ar 
atmosphere.  The  flow  of  the  gases  was  controlled  by  two  mass 
flowmeters,  and  was  fixed  at  55.0  seem  (Ar)  and  5.0  seem  (O2). 
The  pressure  under  deposition  was  1.0  x  10-2  mbar.  A  diagram 
of  the  sputtering  chamber  is  shown  in  Fig.  1.  The  target  to  sub¬ 
strate  distance  was  ~13  cm.  The  support  of  the  d.c.  target  was 
inclined  at  13°  due  to  the  position  of  the  substrate  on  the  sample 
holder.  The  target  diameter  (V  and  Cu)  was  5.0  cm.  The  sub¬ 
strates  were  indium-tin  oxide  (ITO,  used  in  electrochemical  and 
X-ray  Photoelectron  Spectroscopy  measurements),  glass  (used 
in  the  X-ray  diffraction  experiments),  carbon  or  silicon  (used  in 
the  Rutherford  Scattering  Spectroscopy  experiments).  A  small 
part  of  the  substrate  was  covered  with  adhesive  tape,  in  order  to 
provide  a  well-defined  step.  This  step  was  used  in  the  thickness 
measurements,  by  means  of  an  Alpha- Step  profilometer. 

The  presence  of  crystalline  phases  was  investigated  by  X-ray 
diffraction  with  Cu  Ka  radiation  either  under  grazing  incidence 
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Vacuum 


Fig.  1.  Diagram  of  the  sputtering  chamber  geometry. 


samples  were  analyzed  in  the  fluorescence  mode,  and  the  control 
samples. 

(CuO  and  V2O5  pellets)  were  measured  in  transmission 
mode.  The  chemical  state  of  the  elements  was  also  analyzed 
by  X-ray  Photoelectron  Spectroscopy  (XPS). 

Electrochemical  cells  with  the  oxide  films  as  the  working 
electrode  and  two  Li  metal  foils  as  the  reference  and  counter 
electrode  were  used  for  electrochemical  measurements.  The 
electrolyte  was  1  M  LiClC^  in  propylene  carbonate.  Chronopo- 
tentiometric  experiments  were  performed  from  rest  potential  to 
1  V  versus  Li,  using  a  current  density  of  2.0  pA  cm-2,  by  means 
of  a  multipotentiostat  (VMP  system,  Biologic)  operating  in  the 
galvanostatic  mode.  During  the  experiments,  the  cell  was  main¬ 
tained  inside  an  Ar  dry-box. 


geometry  in  the  X  Pert  MRD  Philips  equipment  or  in  diffrac- 
tograms  with  Le  Ka  radiation  and  a  graphite  monochromator, 
in  a  Theta-2Theta  Bragg-Brentano  geometry.  Cu,  V  and  O 
contents  were  obtained  by  Rutherford  Back  Scattering  (RBS) 
Spectroscopy  using  a  2.2  MeV  He+  beam. 

The  chemical  state  of  the  metals  was  analyzed  by  X-ray 
Absorption  Near-edge  Structure  (XANES).  The  experiments 
were  performed  at  the  XAS  beamline  (LNLS — Laboratorio 
Nacional  de  Luz  Sincrotron,  Campinas,  SP).  The  photon  energy 
was  in  the  range  8900-91 00  eV  (copper  absorption  K-edge) 
or  5380-5600  eV  (vanadium  absorption  K-edge).  The  thin  film 


3.  Results 

In  this  work,  copper  oxide  and  mixed  vanadium-copper 
oxides,  CuxVvOz,  films  were  deposited  and  analyzed.  The  pure 
copper  oxide  film  (herein  called  CuVO)  was  deposited  using  a 
d.c.  sputtering.  The  power  applied  to  the  copper  target  was  4  W. 
Lor  the  deposition  of  mixed  oxides  this  power  level  at  the  cop¬ 
per  target  was  maintained  and  an  r.f.  sputtering  system  with  a 
vanadium  target  was  simultaneously  actionated.  The  r.f.  power 
levels  were  60,  80  and  100  W,  and  the  obtained  thin  film  sam¬ 
ples  will  be  herein  denominated  CuV60,  CuV80  and  CuVIOO, 
respectively.  The  composition  of  all  films,  deposited  onto  car- 
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Fig.  2.  RBS  Spectra  and  fitting  curves.  The  substrate  for  films  CuV60,  CuV80  and  CuVIOO  was  Si  and  for  CuVO  film  was  C. 
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Table  1 


Composition,  density  and  thickness  for  thin  him  samples 


Sample 

Power  r.f./d.c.  Composition 

Density 
(g  cm-3) 

Thickness  (nm) 

CuVO 

0/4 

CuOo.9 

4.9 

116.0 

CuV60 

60/4 

V0.17CuO1.60 

5.4 

97.0 

CuV80 

80/4 

V0.24CuO1.63 

5.4 

119.8 

CuVIOO 

100/4 

V0.30CuO1.86 

6.7 

121.7 

Fig.  3.  Vanadium/copper  ratio  and  oxygen/copper  vs.  applied  r.f.  power. 

bon  or  silicon  substrates,  was  determined  by  simulating  the  RBS 
spectra  (Fig.  2),  using  the  software  RUMP  [11].  These  results, 
as  well  as  the  measured  thickness  and  the  calculated  density  are 
presented  in  Table  1 . 

There  is  a  linear  relationship  between  the  vanadium/copper 
ratio  content  and  the  applied  r.f.  power  (Fig.  3).  In  what  concerns 
the  oxide  formation,  the  sample  deposited  without  vanadium 
can  be  considered  a  cuprous  oxide  sample,  with  a  small  oxygen 
deficiency. 

The  next  sample  in  the  series  (CuV60)  has  the  composition 
V0.17CuO1.60.  The  insertion  of  vanadium  in  the  copper  oxide 
is  accompanied  by  an  important  increase  in  the  relative  oxygen 
content  (Fig.  3),  which  is  an  indication  of  vanadium  oxide  for¬ 


mation.  With  the  increase  of  the  power  applied  to  the  vanadium 
target  from  60  to  80  W  (sample  CuV80),  the  relative  oxygen 
content  in  the  sample  does  not  increase.  The  O/Cu  ratio  and  the 
density  (Fig.  3  and  Table  1)  does  not  change  indicating  that  the 
sample  CuV80  has  either  a  less  compact  structure  or  presents  a 
higher  porosity  if  compared  to  sample  CuV60.  For  the  last  sam¬ 
ple  in  the  series  (CuVIOO)  both  the  O/Cu  ratio  and  the  density 
increase. 

The  copper  K-edge  spectra  obtained  from  the  XANES  exper¬ 
iments  are  presented  in  Fig.  4.  All  graphs  presented  an  intense 
energy  band  at  8996.2  eV.  This  band  is  characteristic  of  copper 
with  oxidation  state  +2  and  is  attributed  to  electronic  transitions 
from  Is  to  4p  [12,13].  The  shakedown  transitions  (shoulder  pre¬ 
sented  at  8986.2  eV)  were  intense  only  for  the  film  deposited 
without  vanadium  (sample  CuVO)  [14].  The  intensity  of  these 
transitions  is  related  to  the  presence  of  holes  in  02p  orbital 
(the  increase  on  the  amount  of  holes  in  these  orbital  implies  a 
decrease  in  the  intensity).  Then,  the  decrease  of  the  intensity  of 
these  transitions  in  mixed  oxides  is  a  direct  consequence  of  the 
increase  in  the  oxygen  content  [15]. 

The  vanadium  K-edge  spectra  obtained  from  the  XANES 
experiments  are  presented  in  Fig.  5  (samples  CuV60,  CuV80, 
CuVIOO  and  V2O5  control  sample).  The  XANES  profile  is 
very  similar  to  the  one  found  for  vitreous  compounds,  in  which 
vanadium  is  present  in  the  oxidation  state  +5  [16].  In  these  com¬ 
pounds,  the  pre-peak  is  located  at  5470  eV,  and  just  after  the 
edge  a  peak  superposition  forms  a  large  band  ^5509 eV  [16]. 
For  thin  film  compounds,  this  observed  value  is  ~5508  eV.  In 
our  case,  the  peak  located  in  the  pre-edge  region  is  shifted  to 
regions  of  lower  energies  (5469.1  eV),  if  compared  to  the  con¬ 
trol  sample  V2O5 .  The  shift  of  these  peaks  could  be  an  indication 
of  the  existence  of  vanadium  in  oxidation  states  lower  than  +5 
[12,16];  this,  however,  was  not  confirmed  by  XPS,  as  discussed 
in  the  following. 

The  XPS  analysis  was  performed  only  in  the  sample  CuVIOO. 
The  V2p  and  Ols  lines  were  analyzed  by  adjusting  the  spec¬ 
trum  with  a  gaussian  function.  The  results  (peak  position 
and  full-width  at  half-maximum,  FWHM)  are  presented  in 
Table  2. 


Fig.  4.  Copper  K-edge  XANES  spectra  for  all  samples.  The  spectrum  for  the  standard  CuO  pellet  is  also  presented. 
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Fig.  5.  Vanadium  K-edge  XANES  spectra  for  all  samples.  The  spectrum  for  the 
standard  V2O5  pellet  is  also  presented. 

Table  2 


Peak  positions  and  FWHM  obtained  from  the  XPS  spectra 


Sample 

Spectral  line 

Center  (eV) 

FWHM  (eV) 

CuVIOO 

V2p3/2 

516.5 

2.0 

(Vq.3oCuOi.86) 

Ols 

530.0;  532.4 

2.4;  2.5 

The  spectrum  corresponding  to  the  V2p3/2  line  (Fig.  6) 
presents  only  one  binding  energy,  at  516.5eV  and  a  FWHM 
of  2.0  eV.  These  values  are  a  clear  indication  of  the  presence 
of  V5+  [17,18].  The  Ols  line  could  be  adjusted  with  two  gaus- 
sians,  with  peak  positions  at  530.0  and  532.4  eV  (Table  2).  The 
energy  presented  by  the  first  peak,  530.0  eV,  can  be  associated 
to  the  photoelectric  emissions  arising  from  the  oxygen  present 
in  the  oxide  (oxygen  bonding  in  copper  oxide  and  vanadium 
oxide)  [17,19-21],  since  at  the  best  of  our  knowledge  it  does 
not  exist  any  reported  values  of  Ols  signal  in  these  oxides 
with  energies  greater  than  532  eV.  However,  the  presence  of  a 
shoulder  with  energies  values  similar  to  the  one  observed  in 
the  present  work  has  been  pointed  out  in  other  works  concern¬ 
ing  ternary  oxides  (MxVvCL)  with  vanadium  [22,23].  Then,  the 
peak  located  at  532.4  eV  could  be  related  to  specific  bonding 


518  525  532 

Energy,  eV 

Fig.  6.  XPS  spectrum  (V2p  +  01s)  for  sample  CuVIOO. 


Fig.  7.  XRD  patterns.  Samples  were  deposited  onto  glass  substrate. 


linked  to  vanadium,  being  peculiar  to  the  formation  of  mixed 
oxides. 

Fig.  7  presents  the  XRD  results  for  all  films.  Samples  CuVO 
and  CuV60  are  poly  crystalline;  samples  CuV80  and  CuVIOO 
are  amorphous,  indicating  that  the  increase  of  vanadium  content 
caused  a  decrease  in  the  crystallinity  of  the  films.  From  these 
data,  it  was  possible  to  identify  that  CuVO  has  the  expected 
monoclinic  structure,  with  preferential  orientation  to  the  plane 
(002).  The  next  sample  in  the  series  (CuV60)  also  has  a  mon¬ 
oclinic  structure  but  without  a  preferential  orientation  (Fig.  7). 
The  main  conclusion  from  the  XRD  data  is  that  the  original 
structure  of  CuO  is  progressively  deformed  with  the  inclusion 
of  vanadium.  The  film  became  amorphous  because  the  copper 
oxide  structure  does  not  allow  the  inclusion  of  foreign  atoms, 
neither  in  a  substitutional  nor  in  interstitial  position.  The  vana¬ 
dium  inclusion  deforms  the  structure,  and  this  deformation  is 
accompanied  by  the  reduction  of  size  of  the  crystalline  grains 
and  general  amorphization  of  the  material. 

Galvanostatic  measurements  with  current  density  of 
2  p,Ah  cm-2  were  performed.  Fig.  8  presents  the  potential  ver¬ 
sus  composition  curve,  for  the  first  discharge  process.  All  films 
have  almost  the  same  open  circuit  potential  (~3.6  V  versus  Li) 
and  an  important  ohmic  drop  at  the  beginning  of  the  cathodic 
process. 

For  all  films,  two  discharge  plateaus  are  observed  in  the  first 
discharge  cycle.  For  the  copper  oxide  film  (sample  CuVO)  the 
plateaus  are  located  at  the  potentials  2.3  and  1 .4  V  versus  Li.  The 
electrochemical  behavior  of  copper  oxide  in  lithium-containing 
electrolytes  has  been  extensively  studied  [7-9,24,25],  but  the 
reaction  scheme  is  still  controversial.  In  a  recent  work,  it  was 
suggested  that  the  first  plateau  is  related  to  the  gradual  reduc¬ 
tion  of  Cu(II)  in  Cu(I)  and  oxygen  vacancies  creation.  Several 
authors  [24,25]  agree  that  the  1 .4  V  versus  Li  plateau  arises  from 
the  reduction  of  copper  oxide  into  copper  nanograins  and  forma¬ 
tion  of  L^O.  For  the  samples  with  vanadium  inclusion  (CuV60, 
CuV80  and  CuVIOO)  the  first  plateau  is  located  ~2.5  V  ver¬ 
sus  Li.  This  plateau,  for  the  CuV60  sample,  corresponds  to  a 
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Fig.  8.  Voltage-composition  curves,  for  the  first  discharge  process.  Samples 
were  deposited  onto  ITO-covered  glass  substrate. 


lithium  uptake  of  ~0.5  Li  ions  per  mole  of  compound.  In  the 
potential  range  from  open  circuit  to  2.0  V  versus  Li  this  sample 
reacts  with  1.3  Li  ions  per  mole  of  compound.  As  the  vana¬ 
dium  content  increases,  this  plateau  become  more  defined,  and 
shows  a  maximum  extension  for  the  him  CuV 80  (lithium  uptake 
of  ~1.3  Li  ions  per  mole  of  compound).  For  the  sample  with 
maximum  vanadium  content,  the  first  plateau  corresponds  to  a 
lithium  uptake  of  ~0.9  Li  ions  per  mole  of  compound.  The  sec¬ 
ond  plateau,  for  ah  samples  with  vanadium  inclusion,  is  located 
at  ~  1.7  V  versus  Li,  and  the  extension  is  independent  of  the  vana¬ 
dium  content.  These  data  indicates  that  the  vanadium  reduction 
occurs  since  the  beginning  of  the  cathodic  reaction,  simulta¬ 
neously  to  the  copper  reduction.  Due  to  the  complexity  of  the 
system,  it  is  not  an  easy  task  to  associate  electrochemical  reac¬ 
tions  to  the  observed  plateaus.  The  curves  are  very  similar  to  the 
ones  observed  for  other  mixed  oxides  [26] . 

In  Fig.  9,  the  volumetric  discharge  capacity  as  a  function  of 
cycle  number  is  presented.  As  already  commented  in  the  intro¬ 
duction,  the  copper  oxide  presents  a  strong  loss  in  its  ability  to 
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Fig.  9.  Discharge  capacity  as  a  function  of  cycling.  The  inset  shows  the  capacity 
loss  for  the  first  cycle  as  a  function  of  the  V/Cu  ratio. 
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react  with  lithium  ions  in  the  second  cycle.  This  loss  is  prob¬ 
ably  due  to  the  strong  structural  changes  and  the  formation  of 
new  compounds  (metallic  copper  and  lithium  oxide)  during  the 
discharge  process  [7].  The  inset  in  Fig.  9  shows  the  capacity 
loss  for  the  first  cycle  as  a  function  of  the  V/Cu  ratio.  The 
initial  capacity  loss  was  almost  3  times  lower  for  the  mixed 
oxides;  showing  that  the  inclusion  of  vanadium  is  beneficial. 
The  sample  with  the  lowest  Cu/V  ratio  was  the  one  that  pre¬ 
sented  the  highest  volumetric  charge  capacity  in  the  first  cycle 
(~563  pAhcm-2  [xm_1  or  1042mAhg-1),  corresponding  to 
^4.2  lithium  ions  per  compound  molecule.  Also,  it  is  interest¬ 
ing  to  observe  the  great  increase  in  capacity  provoked  by  the 
small  increase  of  vanadium  in  the  him  CuV60  if  compared  to 
the  CuVO  him.  However,  for  the  other  samples  in  the  series,  as 
the  vanadium  amount  in  the  him  increased,  the  capacity  (hrst 
cycle)  decreased,  being  474  pAhcm-2  [xm_1  or  878mAhg_1 
(3.2  lithium  ions  per  compound  molecule)  for  the  CuV80  him 
and  358  pAhcm-2  pan-1  or  533.6  mAh  g-1  (2.2  lithium  ions 
per  compound  molecule)  for  the  CuVIOO  him.  It  is  probable 
that  at  the  end  of  the  discharge  cycle  for  these  samples,  metallic 
copper  is  formed  [25,27,28].  It  can  also  be  observed  in  Fig.  9 
that  the  hlms  containing  vanadium  presented  a  lower  decrease 
in  discharge  capacity.  The  CuVO  him  lose  46.4%  of  its  capacity, 
the  CuV60  and  CuV80  hlms  lose  less  than  14%  and  the  CuV  100 
him  lose  18.0%  in  the  second  discharge.  The  different  behavior 
of  the  capacity  on  cycling  could  be  related  to  the  decrease  of  the 
crystalline  grain  size.  In  other  works,  it  has  been  observed  that 
during  the  reduction  process  the  original  grains  are  subdivided 
into  smaller  grains.  It  allows  a  better  reactivity  of  the  metallic 
copper  and  the  lithium  oxide  (also  formed  during  the  reduction 
process)  during  the  oxidation  process,  increasing  the  efficiency 
of  this  electrode  in  the  charge  and  discharge  cycles  [7,27]. 

4.  Conclusions 

The  incorporation  of  small  amounts  of  vanadium  atoms  in 
copper  oxide  hlms  allowed  the  obtention  of  hlms  with  more  sta¬ 
ble  structures  in  what  concerns  its  ability  to  react  with  lithium 
ions,  if  compared  to  the  pure  copper  oxide  him.  In  the  mixed 
oxide  hlms,  copper  is  present  in  the  oxidation  state  +2  and  vana¬ 
dium  in  the  oxidation  state  +5.  The  crystalline  structure  of  the 
hlms  looses  the  preferential  orientation  and  become  amorphous 
with  the  increase  of  the  vanadium  content.  The  capacity  loss  of 
the  mixed  oxides  with  composition  close  to  that  of  copper  oxide 
is  ~3  times  lower  than  the  capacity  loss  of  the  pure  oxide,  in 
the  second  cycle.  The  oxides  also  presented  a  high  discharge 
capacity,  specially  the  him  with  composition  V0.17CuO1.60 
(CuV60)  which  presented  a  capacity  ^563  jx Ahem-2  [xm-1 
(1042  mAh  g_1)  in  the  hrst  cycle. 
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